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The stability of data bits in magnetic record-
ing media1,2 at ultrahigh densities is compro-
mised by thermal ‘flips’ – magnetic spin rever-
sals – of nano-sized spin domains3, which erase
the stored information. Media that are mag-
netized perpendicular to the plane of the film,
such as ultrathin cobalt films or multilayered
structures4,5, are more stable against thermal self-
erasure2,6 than conventional memory devices. In
this context, magneto-optical memories seem par-
ticularly promising for ultrahigh-density record-
ing on portable disks, and bit densities of ∼100
Gbit inch−2 (ref. 7) have been demonstrated us-
ing recent advances in the bit writing and read-
ing techniques7–11. But the roughness and mo-
bility of the magnetic domain walls12,13 prevents
closer packing of the magnetic bits, and there-
fore presents a challenge to reaching even higher
bit densities. Here we report that the strain im-
posed by a linear defect in a magnetic thin film
can smooth rough domain walls over regions hun-
dreds of micrometers in size, and halt their mo-
tion. A scaling analysis of this process, based on
the generic physics of disorder-controlled elastic
lines14–17, points to a simple way by which mag-
netic media might be prepared that can store data
at densities in excess of 1 Tbit inch−2.
Increasing information storage to densities past 100
Gbit inch−2 may evolve through extensions of current
magnetic recording technologies (to patterned media6,
for example). But such increases in storage density might
be achieved by using other techniques such as hologra-
phy (via interference patterns produced by two inter-
secting laser beams)18, or micromachined nano-cantilever
arrays19, or – to satisfy a relentless demand for portabil-
ity – using scanning localized subwavelength (< λ/40)
(near-field) optical probes9 that can imprint and resolve
images in magneto-optic media8 of the order of the probe
size. The bit-writing with local probes may be thermally
assisted by a current20 or a laser beam that raises lo-
cal temperature to the vicinity of the Curie temperature
TC , resulting in the formation of a reversed domain with
a rough wall. To realize smooth and (for precise position-
ing) stable (‘noiseless’) domain walls that can be imple-
mented without, for example, nanoscale patterning, we
suggest a conceptual identification of walls with elastic
lines16 and seek to utilize linear defects inducing a direc-
tional long-range strain field in ultrathin Pt/Co/Pt struc-
tures – long considered excellent candidates for high-
density recording at blue-range wavelengths11. In such
trilayers (Fig. 1), large uniaxial perpendicular anisotropy
is sustained by the interface contribution ∝ 1/dCo up to
Co thickness dCo ∼ 1.5 nm; beyond this thickness the
magnetizaton switches from out-of-plane to in-plane5.
Figure 2a shows two typical up-domains (see legend
for imaging details21), nucleated owing to a locally sup-
pressed coercive field3 Hc in a 0.7 nm Co film sand-
wiched between 3 nm (top) and 2 nm (bottom) Pt lay-
ers, prepared using standard deposition parameters22
and without linear defects. The domains are round with
(undirected) domain walls (DWs) that are as rugged as
expected12. We note that patterned nucleation sites, as
in Fig. 2b-d, do not reduce either DW roughness or veloc-
ity. As magnetic field is increased beyond Hc = 750 Oe
(inset in Fig. 3), the outward motion of DWs becomes in-
creasingly swift (estimated from displacement of a small
segment of the wall during 500-ms field pulses, the wall
velocity is more than 180 µm s−1 at H = 854 Oe).
To control the rugged DW structure we will use a re-
cently found connection between the DW behavior in thin
films13 and that of elastic lines14–16. One prominent ex-
ample of directed elastic lines are wandering vortex lines
(quantized magnetic flux lines maintained by a swirling
tube of current) in high temperature superconductors16
that can be strongly localized by interaction with colum-
nar (linear) defects17. A powerful arsenal of ideas can
now be engaged to understand how a linear defect po-
tential may localize and reduce the roughness of DWs,
and force them to accommodate to the defect shape. We
introduce a line defect that delivers a three-punch action.
Through magneto-elastic coupling, (i) it gives the wall a
preferred direction14 (along the defect), (ii) it increases
its elasticity, reducing the DW roughness as it negotiates
the random landscape, and (iii) it acts to reduce wall ve-
locity to a nearly full stop in fields greater than the coer-
cive field of unmodified film. The defect is installed dur-
ing the Co deposition by imposing an anisotropic tension
(clamping) on the substrate and its subsequent release23.
The resulting Co ‘fold’ (Fig. 2g,h) introduces a y-axis in-
variant long-range strain field ε(x).
A DW driven by the magnetic field toward such lin-
ear defect (Fig. 2e,f) presents a structural contrast with
the DWs in the unmodified film in Fig. 2a. Even at
large distances (∼ 300 µm) away from the defect, the
1
DW conforms on the average to the defect line along
y. It becomes progressively smoother (and straighter)
as it approaches the defect. It also rapidly decelerates.
The deceleration and near-standstill of the wall depends
on the proximity to the defect, as represented by the
spatial progression of the velocity-versus-field (force) re-
sponse in Fig. 3. The v-H curves are highly nonlin-
ear, as has been reported recently in Co films13 where
the disorder landscape is formed, for example, by atomic
scale imperfections at the film–substrate interface. Such
nonlinear response in the limit of vanishing driving force
is a signature of glassy (creep) dynamics24, well estab-
lished for the elastic vortex lines in a superconductor
through measurements of the voltage-versus-current (V -
I) characteristics16. Above Hcrit (obtained from the v-H
curves by the usual velocity cut-off criterion, here chosen
at v = 0.14 µm s−1) the driving field exceeds the ‘pin-
ning’ force16 and the DW response becomes linear and
faster. We note that DW velocity, even far away from a
line defect, is orders of magnitude lower than in unmodi-
fied films. Figure 3 shows a field-forward advance of v-H
curves to higher fields, and an enhanced Hcrit (often re-
ferred to as a ‘propagation field’3) on the approach to the
line defect. An effective potential well that localizes the
wall is formed by the driving field pushing the wall and
the line-defect that acts against this push. It resembles
columnar defects in a superconductor, where the criti-
cal current Jcrit is enhanced
17. Hcrit correlates with the
long-range repelling force field H(x) exerted on the DWs
by the line-defect, whose spatial extent is mapped in Fig.
4a. The shape of H(x) – a ridge along y – is either ex-
tracted directly from Kerr images taken with increasing
H after a fixed propagation time t (main panel), or more
quantitatively from the averaged DW positions 〈x〉y ver-
sus time at all fields. As illustrated in the inset, it takes a
higher field H to get closer to the line-defect; but at any
H , after t = 1, 800 s, two DWs – one approaching the
ridge from the left and another from the right – become
effectively stationary.
Within the elastic description of a DW, the relevant
scale is a collective pinning24 length Lc = (ǫ
2
elξ
2/∆)1/3,
where ξ and ∆ are characteristic size and strength of un-
derlying random disorder, and ǫel is the wall energy. At
lengths L > Lc, the wall will elastically adjust to the
random landscape to nestle in a local minimum energy
configuration. The DW energy density (in addition to
a uniform field term and ignoring a weak dipolar term)
can be written as a sum of three: the exchange energy
γex(x), the anisotopy energy γan(x), and the magneto-
elastic energy25 γm−el(x) coupling to the strain ε(x) gen-
erated by the line-defect,
γDW = A(dθ/dx)
2︸ ︷︷ ︸
γex
−K ′m2z︸ ︷︷ ︸
γan
−Bε(x)m2z︸ ︷︷ ︸
γm−el
+H2/8π.
(1)
Here A is the exchange stiffness3, K ′ = K − 2πM2S
(K is the anisotropy constant andMS is Pt-polarization-
enhanced saturation magnetization of Co), and B is re-
lated to Young’s modulus of the film. Magnetization
~M rotates from ‘up’ to ‘down’ within the wall thick-
ness δ (we estimate at ∼3 nm) and the wall (in the sim-
plest form) is of Bloch type13, where the azimuthal angle
φ = 0◦ and the rotation is parameterized by an angle
θ between the z-axis and ~M (mz is the direction cosine
along z). Minimizing
∫
γDW dx leads to DW energy
3
EDW = 4
√
AK ′eff , where K
′
eff = K
′ + Bε(x). The
total wall energy (per unit area) in a magnetic field H
is E = EDW − 2MSHx. From the stability condition
dE/dx = 0 we obtain a nonlinear differential equation
for ε(x): H(x) = AMS
−1B(dε/dx)(AK ′eff )
−1/2
, which
we solve numerically using the stationary H(x) mapped
in Fig. 4a. The result is a factor of ∼ 2 enhanced ef-
fective anisotropy K ′eff (Fig. 4b) and, consequently, an
enhanced DW elastic energy (per unit length)13 ǫel =
4
√
AK ′effdCo. Thus, the enhanced elasticity of DW is
in part responsible for the longer Lc. The longer Lc is
a key to the reduced DW roughness. This can be seen
from the analysis of transverse displacements of the do-
main wall segments by computing from the DW images a
(line shape) correlator14 xt =
√
< [x(y)− x(y + L)]2 >,
predicted for L < Lc to scale as
16 xt ∝ (L/Lc)
3/2
. We
find that the characteristic length Lc is enhanced in the
vicinity of the line-defect by a factor of ∼ 5 (Fig. 4c).
This implies a reduction of roughness, as measured by
xt, by a factor of ∼ 10 on the shortest length scales and
hence a potential increase in the areal density by nearly
two orders of magnitude. In its proximity, the line de-
fect wins over randomness so that on sufficiently long
distances along its length DWs become essentially ‘flat’
(that is, finite xt for L → ∞)
14 in fields up to ∼ 2Hc.
The wall-smoothing at higher fields and at speeds of cur-
rent recording technology (H ≈ 3Hc, ∼ 1 Gbit s
−1) de-
serves further study for practical implementations of this
effect. The long-range strain associated with a line de-
fect presents an efficient, and relatively simple and cost-
effective control of domain walls, with only a few such
defects needed to stabilize large areas of ultrathin films.
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FIG. 1. A sketch of an ultrathin Pt/Co/Pt trilayer stack explored in this study. Stacks were electron-beam evaporated at
190◦C on glass or SiNx/Si substrates with a 20 nm (111) textured Pt buffer layers, as described in ref. 22.
FIG. 2. Effect of a linear defect on domain walls in Pt/Co/Pt films. Polar magneto-optic Kerr microscopy3 images were
obtained using a 3-W argon laser illumination (λ = 514.5 & 488.0 nm) to enhance phase contrast with a laser-beam tan-
dem-dithering technique21 to eliminate the effects of laser coherence. We first saturated magnetization with a negative z-axis
magnetic field and then quenched field to zero. After a first positive square field pulse, an up-domain was nucleated and its
motion was imaged at short time intervals in fields up to ∼ 2 kOe. a, Typical room-temperature image of domains in a film
without line defects after a 854-Oe magnetic field applied for 1 s was removed. The walls show roughness on length scales much
larger than the grain size (∼ 20-30 nm) of the Pt buffer. The rapid motion of domain walls (DWs) is illustrated in snapshots in
field H = 616 Oe after b 1 s, c, 4 s and d, 8 s of DWs that were seeded with elongated defects installed with a 30-keV Ga+ FIB
(Focused Ion Beam). DW roughness is independent of the seed-defect width (150 nm for bottom and 1 µm for top domains).
e, f, A remarkable reduction in the domain wall roughness and speed is illustrated when a line-defect (dashed line along y axis)
is introduced. The images here were taken at H = 924 Oe (> Hc = 750 Oe in a] at e, 40 s and f, 1,800 s. The domain wall
becomes directed along the defect. A cross-sectional electron transmission micrograph (g) of an ∼ 30-nm-thin FIBed section
– normal to the line-defect – shows an asymmetric ‘fold’ of the trilayer stack. An amorphous Pt (a-Pt) cap was deposited to
protect the trilayer during the FIB process. The ∼ 10-nm elevation of Co in the ‘fold’ is traced by the X-ray microprobe (h)
at spots such as are marked by six white circles in g (the bottom is assigned ‘0’). Co intensity versus spot number is plotted
in the inset of h.
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FIG. 3. Domain wall velocity as a function of applied magnetic field for different values of x. Far away (−578 µm) from
the line-defect ‘ridge’ at x = 0, the velocity takes off rapidly with field near Hcrit. Well below Hcrit, the nonlinear v-H curves
follow13 v(H) ∝ exp[−(Uc/kBT )(Hcrit/H)
µ], where Uc is the collective pinning energy scale, kB is the Boltzmann constant,
T is temperature, and µ = 1/4 is the glassy dynamical exponent related to the roughness exponent, see ref. 14. Hcrit grows
on the approach to the line defect (see Fig. 4a). Inset: A square Kerr rotation (magnetization) hysteresis characteristic of
perpendicular anisotropy of our film in Fig. 2a.
FIG. 4. A force field H(x) generated by a line-defect along y repels a magnetic-field-driven domain wall. a, A fixed y-cut
from a map of the defect ridge obtained from combining domain images for different fields after 400 s. To display the long
range (x = −680 to +140 µm) of the force field of the line defect, we overlapped two series of Kerr observations (H = 700
to 1, 316 Oe): one containing a line defect at x = 0 (as in the inset) and another shifted to the left by 400 µm. The ridge is
mapped by imaging two domains approaching it from both sides. Contours (at 20-s intervals) of the defect field (inset) that
were obtained by extracting DW positions at different times and fields show how two DWs on two sides of the ridge become
stationary when defect field balances the driving field, defining the ridge’s outline. The propagation field Hcrit (solid blue
dots), obtained from v-H curves in Fig. 3 is enhanced by the line defect. The line defect effectively enhances (b) the anisotropy
constant K′eff and elongates (c) the scaling length Lc.
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